Introduction: We assessed the molecular epidemiology of multidrug-resistant bacteria colonizing or infecting war-injured patients from Libya and Syria who were treated at the Bundeswehr hospitals Hamburg and Westerstede, Germany. Methods: Enterobacteriaceae and Gram-negative rod-shaped nonfermentative bacteria with resistance against thirdgeneration methoxyimino cephalosporins or carbapenems as well as methicillin-resistant Staphylococcus aureus (MRSA) from war-injured patients from Libya and Syria were assessed by molecular typing, i.e., spa typing for MRSA strains and rep-PCR and next-generation sequencing (NGS) for Gram-negative isolates. Results: A total of 66 isolates were assessed -comprising 44 Enterobacteriaceae, 16 nonfermentative rod-shaped bacteria, and 6 MRSA from 22 patients -and 8 strains from an assessment of the patient environment comprising 5 Enterobacteriaceae and 3 nonfermentative rod-shaped bacteria. Although 24 out of 66 patient strains were isolated more than 3 days after hospital admission, molecular typing suggested only 7 likely transmission events in the hospitals. Identified clonal clusters primarily suggested transmission events in the country of origin or during the medical evacuation flights. Conclusions: Nosocomial transmissions in hospital can be efficiently prevented by hygiene precautions in spite of heavy colonization. Transmission prior to hospital admission like on evacuation flights or in crises zones needs further assessment.
Introduction
Colonization or infection with multidrug-resistant bacteria is a frequent phenomenon in traumatized patients from war and crisis zones. In a recent assessment of 21 male Ukrainian patients who were treated at 4 Bundeswehr hospitals in Germany, altogether 32 carbapenem-resistant Acinetobacter spp. strains were isolated [1] . Apart from merely colonizing strains, clinically relevant isolates from deep surgical wounds and bioptic material were also detected.
High colonization rates with multidrug-resistant bacteria were also identified in Syrian civilians who were treated at Israeli hospitals after fleeing the Syrian civil war [2] . Similar experience was found with Syrian refugees in German hospitals [3] [4] [5] . Various other international surveys confirm high colonization rates of Syrian refugees and patients with multidrugresistant bacteria [6] [7] [8] [9] [10] [11] [12] [13] [14] , and the same applies to refugees and patients from Libya [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] .
Patients from Libya and Syria with war injuries were transferred to the Bundeswehr hospitals Hamburg and Westerstede in 2011 and 2013, respectively. To assess the effectiveness of the resistant strains from a single environmental screening event in 2011 from the patients' environment were obtained and included in the assessment.
Hygiene-related Information. After their transfer to Germany from Libya or Syria by StratAirMedEvac (strategic air medical evacuation, i.e., transport in specialized medical service airplanes of the German Air Force), strict hygiene procedures were enforced to prevent further nosocomial spread of multidrugresistant pathogens among the patients, as previously described in detail [29] .
In short, the patients were handled by medical staff wearing personal protection equipment that comprised protective gloves, a waterproof one-way coat-apron, a head cover, and a mask protecting the mucous membranes of the nose and the pharynx. The patients were treated in single-room or cohort isolation on especially designated wards as soon as their medical condition allowed for a transfer from the intensive care or intermediate care unit. Special nursing staff supported by interpreters were chosen for their care. On a weekly basis, hygiene screening for multidrug-resistant bacteria involving swabbing with subsequent cultural assessment was performed from the nostrils, the mouth, any wounds, and the perianal region. Local reduction of bacterial load was attempted by disinfection washing with octenidin (Schülke & Mayr, Norderstedt, Germany) based products for the skin and with octenidol (Schülke & Mayr) based products for mucous membranes and wounds. The nostrils and the pharynx were disinfected as often as three times a day. Towels, cloths, and bed linen were changed after each disinfection procedure. The patients' property and medical equipment applied patientspecifically were disinfected several times per day and the surfaces in the patient room twice a day.
Patient Strains and Environmental Strains. Multidrugresistant strains were defined as Enterobacteriaceae or Gramnegative rod-shaped nonfermentative bacteria with resistance against third-generation methoxyimino cephalosporins or carbapenems as well as methicillin-resistant Staphylococcus aureus (MRSA). Clinical isolates and screening isolates from the Libyan and Syrian patients were provided by the Central Institute of the Bundeswehr Kiel, Department Berlin, for patients from Hamburg as well as by the laboratory "Labor Dr. Enzenauer und Kollegen" for patients from Westerstede after the exclusion of copy strains. Copy strains were defined as repeated isolation events of identical species with identical resistance patterns at any time of treatment from the same patient. Strains from the environmental screening in Hamburg were provided by the Central Institute of the Bundeswehr Kiel.
To ensure that strains were assessed by identical standardized procedures, all strains provided were subjected to repeated identification and resistance testing at the Institute for Medical Microbiology, Virology and Hygiene, University Medicine Rostock. Species identification was performed by matrixassisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-TOF MS) using a Shimadzu/Kratos "AXIMA Assurance" MALDI TOF mass spectrometer (Shimadzu Deutschland GmbH, Duisburg, Germany) using the database "IVD-mode VitekMS-ID" database version 3.2.0.-6 (bioMérieux, Marcy-l'Étoile, France). Resistance was determined by automated resistance testing with a VITEK 2 system (bioMérieux) using the resistance cards AST-N248 (charge 648332310) for Gramnegative nonfermentative rod-shaped bacteria and AST-N263 (charge 663333410) for Enterobacteriaceae. The applied software was the "Vitek 2 systems version 06.01"; automated interpretation of the results was in line with the interpretative guideline EUCAST2014 + CLSI 2014 D using the advanced expert settings (AES) parameter set "EUCAST/CLSI + PHAENOTYPISCH 2014 D." E-testing (bioMérieux) was added in case of uncertain or noninterpretable VITEK 2 results, i.e., cotrimoxazole testing with Stenotrophomonas maltophilia or any resistance testing with Pseudomonas putida. For Escherichia coli and Klebsiella pneumoniae, ESBL screening was performed via VITEK 2. For all Enterobacteriaceae, the commercial ESBL/ampC disc-based ABCD test kit Mast ID D68C (Mast Diagnostic, Amiens, France) was used to identify ESBL or ampC production [30] .
Patient strains that were isolated up to day 3 after admission were considered as nonnosocomial strains, while strains that were isolated after day 3 were defined as potentially nosocomially transmitted.
Spa Typing of MRSA. Spa typing of MRSA isolates was performed exactly as described [31, 32] at the Department of Medical Microbiology, Virology and Hygiene of the University Medicine Rostock using the software RidomStaphType version 2.2.1 (Ridom Ltd., Würzburg, Germany) including allocation of multilocus sequence typing (MLST)-based clonal clusters using the based upon repeat pattern (BURP) algorithm [33] .
Rep-PCR (repetitive extragenic palindromic sequence polymerase chain reaction)-based Typing of Gram-negative Rodshaped Bacteria. Rep-PCR-based typing was performed at the Department of Medical Microbiology, Virology and Hygiene of the University Medicine Rostock for Gram-negative rod-shaped bacteria as described [1] Applying the Pearson correlation method and analyses of all entries in duplicate, band-pattern analysis was performed with the help of the DiversiLab software version 3.6.1 (bioMérieux) as described by the manufacturer using an identity cutoff of 95% to suggest clonal identity.
Next-generation Sequencing of Gram-negative Rod-shaped Bacteria. Gram-negative isolates from this study were subjected to next-generation sequencing (NGS)-based assessment of whole genomes in a total of 4 individual 600-cycle sequencing runs. For this, 1 ng of purified chromosomal DNA from all isolates was used to prepare individual libraries employing the Illumina Nextera © XT DNA Library Prep Kit according to the manufacturer's instructions. An Agilent Technology 2100 Bioanalyzer served to verify tagmentation and also final library fragment size distribution on a High Sensitivity DNA Chip. AMPure XP beads were used for DNA library purification. The final pooled libraries were applied to a MiSeq Reagent v3 600-cycle Kit and sequenced on a MiSeq system as 300-cycle paired-end runs. 5% PhiX control library was spiked into the final library pool. On average, a cluster density of 847 (K/mm 2 ) was achieved with 96.46 ± 1.48% of clusters passing filter specifications. In each run, roughly 20.3 million reads (94.7%) of 21.1 million total reads passed filter specifications, leading to 12.52 Gbp (giga base pairs) sequenced. Index reads were evenly distributed across the 20 individual samples routinely used in each run. Generated FASTQ (file containing raw read information) files were subjected to further bioinformatic analysis as outlined below.
Database Storage of Sequence Information. Raw FASTQ files were submitted to the EMBL-EBI (European Molecular Biology Laboratory -European Bioinformatics Institute) (https:// www.ebi.ac.uk/ena/submit/sra/#home) European Nucleotide Archive (ENA) and stored in the Short Read Archive (SRA) with the bioproject accession code PRJNA407760 and the study name SRP118558 as unambiguous identifiers. For technical reasons, the sequences of the strains had to be deposited not by their numbers only but by biosample accession codes with the syntax "BW_strain number" (e.g., BW_1 for strain number 1).
Typing Approach Based on the Next-generation Sequencing Data of the Gram-negative Rod-shaped Bacteria. To obtain the sequences used for MLST analyses as well as for average nucleotide identity (ANI)-based comparisons, all reads for the respective sample were assembled using the Newbler assembler, v 2.8 (Roche, Germany). For MLST analyses, the sequences of the gene set(s) used for MLST typing of the respective bacterial species were retrieved from pubmlst.org [34] . For each sample, the set(s) were then compared against a BLAST database containing the contigs larger than 500 bp of the respective assembly using BLASTN. For each gene, the bestmatching variant, i.e., the one having 100% nucleotide identity, was identified and checked for completeness, i.e., matching over the full length of the query sequence. Only if they were perfectly identical was the gene variant used for MLST comparisons.
As the coverage obtained for several isolates was insufficient to obtain a complete MLST pattern, an ANI-based approach was used to identify potential clonal isolates. ANI values were calculated using the method described by Goris et al. [35] . By comparison with publicly available genomes of the respective species, it was determined that nonclonal strains differed among each other by thousands to hundreds of thousands of mutations. In contrast, strains differing by only tens to hundreds of SNPs (single nucleotide polymorphisms) are likely to be clonal. Therefore, the cutoffs for potential clonal isolates were set to ANI values greater than or equal to 99.5% (close common ancestor) and 99.9% (likely clonal).
Resistance Testing Approach Based on the Next-generation Sequencing Data of the Gram-negative Rod-shaped Bacteria. Screening of the obtained NGS reads for genetic resistance determinants was performed using the ResFinder version 2.1 (https://cge.cbs.dtu.dk/services/resfinder/, last accessed July 5, 2017) software as described elsewhere [36, 37] . Phenotypic resistance data from the VITEK 2 system were used for comparison.
PCR-and Sanger Sequencing-based Identification of Resistance Genes. Enterobactericeae with a resistance pattern of the ESBL (extended spectrum β-lactamase) type were subjected to PCRs targeting the β-lactamase genes bla TEM and bla SHV as well as four important groups of bla CTX-M as described [38, 39] . The amplicons of the bla TEM and bla SHV PCRs were further analyzed by Sanger sequencing to discriminate ESBL-associated from non-ESBL-associated variants. For the 4 bla CTX-M PCRs, discrimination at group level without sequence-based further differentiation was accepted. In detail, bla CTX-M group I comprised bla CTX-M-1, -3, -10, -11, -12, -15, -22,-23, -28, -29, -30 , bla CTX-M group II comprised bla CTX-M-2, -4, -5, -6, -7, -20 , bla CTX-M group III comprised bla CTX-M-8 , and bla CTX-M group IV comprised bla CTX-M-9, -13, -14, -16 to -19, -21, -27 .
PCR-based screening without further differentiation approaches was performed for 11 carbapenemase genes from Gram-negative rod-shaped isolates with reduced sensitivity toward carbapenems as described [1] . In detail, the carbapenemase genes assessed comprised bla IMP , bla VIM , bla NDM , bla SPM , bla AIM , bla DIM , bla GIM , bla SIM , bla KPC , bla BIC , and bla .
Ethics. Ethical clearance was obtained from the ethics committee of the medical association of Hamburg (WF-042/15).
The clearance allowed for the retrospective assessment of patient-and strain-related data in the study in an anonymous way without informed consent by the patients or next-of-kin. The respective procedures are in line with German National Laws, in detail, § 9 section 2 of Hamburg's Chamber Law for Medical Professions ("Hamburger Kammergesetz für die Heilberufe") as well as § 15 section 1 of the Regulations for Hamburg's Doctors ("Berufsordnung für Hamburgs Ärztinnen und Ärzte").
Results
Patients. Altogether, 8 patients with multidrug-resistant isolates from Libya who were admitted in 2011 and 14 patients from Syria who were admitted in 2013 were included in the assessment. Of these, 4 Libyan patients and 7 Syrian patients were treated at the Bundeswehr hospital of Hamburg and the same numbers at the Bundeswehr hospital Westerstede. All the patients were male. The median age of the Libyan patients was 35.0 years (ranging from 26 to 38 years) and 26.5 years for the Syrian patients (ranging from 4 to 52 years). All patients suffered from war-related injuries, usually complex traumata. Details are shown in Table 1 .
Patient Rooms and Wards. To allow anonymous tracking of common use of patients' rooms and patient transfers with potential for nosocomial transmission, all patients, rooms, and wards were numbered consecutively. All patients and wards were labeled "HBG" at the Bundeswehr hospital Hamburg and "WEST" at the Bundeswehr hospital Westerstede. The letter "L" indicated origin from Libya and "S" origin from Syria. Intensive care wards were labeled with the acronym "ITS" (Table 1) .
Focusing on patients from Libya at the Bundeswehr hospital Hamburg, patients 1 and 2 shared the same room at days 1 and 2 after admission onto the intensive care ward. Afterwards, they shared room 1 on a standard care ward from day 3 to day 18. On day 2 after admission, patient 1 and patient 3 were both in this room 1, too. On day 18 after admission, patient 1 and patient 4 were both in room 2 of the same ward. There were no other instances of common use of patients' rooms. While patient 1 was transferred twice in total, all the other 3 patients were transferred once. Patients' movements were tracked for 22 days altogether until the detection of the last new multidrug-resistant isolate of this assessment.
Focusing on patients from Libya at the Bundeswehr hospital Westerstede, all assessed multidrug-resistant strains had been isolated by the first day after admission. At this day, patients 3 and 4 were in the same room of a standard care ward.
Focusing on patients from Syria at the Bundeswehr hospital Hamburg, the patient movements were tracked until the last new detection of a multidrug-resistant isolate in this assessment at day 32 after admission. Room 1 was shared by patients 1 and 5 from day 19 to day 32 after admission as well as by patients 1 and 6 at day 11. Room 2 was shared on day 1 by patients 1 and 7 as well as on day 11 by patients 6 and 7. Room 4 was shared by patients 2 and 4 on days 11 to 21. Room 5 was shared by patients 3 and 4 on day 11 and by patients 3 and 6 on days 11 to 19. Room 6 was shared by patients 3 and 5 on days 1 to 11 and on day 19. Altogether, patient 6 was transferred twice, patients 1, 3, 4, and 5 were transferred once, and the remaining 2 were not transferred during their hospital stay.
Focusing on patients from Syria at the Bundeswehr hospital Westerstede, a period of 69 days after admission had to be tracked until the last assessed multidrug-resistant strain was isolated. Patients 1, 6, and 7 were together in room 1 at the first day after admission; patients 1 and 6 remained together in this room for altogether 52 days. Patients 3 and 4 were together in the same room 2 from day 1 to day 69, patients 2 and 7 in room 3 from day 9 to day 69, while patients 2 and 5 stayed together in room 4 from day 1 to day 9. Patient 2 was transferred twice, and patient 7 was transferred once, while all other patients remained in their rooms for the whole assessment period.
A clearer overview of patient rooms and patient transfers is provided in Table 1 .
Patient Isolates and Environmental Isolates. From 8 Libyan patients, 13 Enterobacteriaceae (comprising 6 Klebsiella pneumoniae, 3 Escherichia coli, 3 Enterobacter cloacae, and 1 Citrobacter freundii) and 5 nonfermentative rod-shaped bacteria (comprising 3 Pseudomonas aeruginosa and 2 Acinetobacter baumannii complex) were isolated. Clinically relevant isolates comprised one Enterobacter cloacae at an external fixator of the patient's left thigh as well 2 Pseudomonas aeruginosa strains, one from an orthopedic wound at the left hand and one from a wound at the dorsal side of the patient's left thigh. The other isolates have to be considered as colonization flora (Supplementary material 1).
From one assessed environmental screening of the surroundings of the Libyan patients at the Bundeswehr hospital Hamburg at day 11 after admission, 5 Enterobacteriaceae (Klebsiella pneumoniae without exemption) and 3 nonfermentative rodshaped bacteria (2 Pseudomonas aeruginosa, 1 P. putida) were isolated (Supplementary material 2).
From 14 Syrian patients, 31 Enterobacteriaceae (comprising 13 E. coli, 5 E. cloacae, 4 K. pneumoniae, 3 C. freundii, 2 Morganella morganii, 2 Proteus mirabilis, and 2 Raoultella planticola), 11 nonfermentative rod-shaped bacteria (8 A. baumannii complex, 1 A. radioresistens, 1 P. aeruginosa, and 1 S. maltophilia), and 6 MRSA were isolated. Clinically relevant isolates comprised 5 E. coli from a deep wound at the right gluteal region, 3 not further specified wounds, and a catheter urine sample; 3 E. cloacae from a not-further specified wound, a deep wound at the right heel, and a deep wound at the upper side of a fixator, respectively; 2 C. freundii, 1 K. pneumoniae, 2 Morganella morganii, 1 P. mirabilis, and 1 R. planticola from not further specified wounds; 4 A. baumannii complex from a deep wound at the right heel, a deep wound at the upper pin of the fixator at the thigh, and 2 not further specified wounds; 1 A. radioresistens, 1 P. aeruginosa, and 1 S. maltophilia each from not further specified wounds; and 2 MRSA from a deep wound at the left elbow and a not further specified wound. Isolates from other sites, including a K. pneumoniae isolate from a superficial wound, were considered as colonization flora (Supplementary material 1) .
Resistance as Determined by Phenotypic Assessment and PCR. Among the Enterobacteriaceae from Libyan patients, an ESBL mechanism was phenotypcially identified in 12/13 instances (92.3%). When the PCR-based screening was added, the percentage of ESBL-positive strains increased to 100%. In three isolates (all of them E. cloacae), the ESBL mechanism was associated with ampC production. PCR-based screening showed bla TEM β-lactamases in 10/13 instances (76.9%), bla SHV β-lactamases in 6/13 instances (46.2%), bla CTX-M group I β-lactamases in 10/13 instances (76.9%), and bla CTX-M group IV β-lactamases in 1/13 instances (7.7%) (Supplementary  material 7) . PCR-based carbapenemase screening detected bla Oxa-48 in 2 carbapenem-resistant Klebsiella pneumoniae strains (Supplementary material 8) . Phenotypical resistance testing indicated high resistance rates for fluoroquinolones (10 out of 13), aminoglycosides (9 out of 13), and cotrimaxazole (9 out of 13) (Supplementary material 3) 
Among the Enterobacteriaceae from Syrian patients, an ESBL mechanism was detected in 27 out of 31 strains (87.1%) by phenotypical approaches. In two instances (6.5%) (1 M. morganii and 1 E. coli), phenotypical screening allowed the detection of ampC mechanisms. In additional two instances (6.5%) (1 Proteus mirabilis, 1 E. cloacae), phenotypical screening for ESBL and ampC mechanisms led to nonconclusive results. In the carbapenem-resistant E. cloacae strain, PCR screening for carbapenemases indicated bla BIC and bla VIM (Supplementary material 8) . Within the 27 ESBLpositive strains and the two strains with uncertain phenotypical screening results, PCR indicated bla TEM β-lactamases in 15/29 instances (51.7%), bla SHV β-lactamases in 5/29 instances (17.2%), bla CTX-M group I β-lactamases in 26/29 instances (89.7%), and bla CTX-M group IV β-lactamases in 1/29 instances (3.4%) (Supplementary material 7) . In contrast to the Libyan Enterobacteriaceae, the Enterobacteriaceae from Syria showed an almost equal distribution of sensitive and resistant strains with respect to fluoroquinolones (18 out of 31 resistant), aminoglycosides (16 out of 31 resistant), and cotrimaxazole (18 out of 31 resistant) (Supplementary material 3) . Of the 8 Acinetobacter baumannii complex strains from Syria, all showed sensitivity toward colistin, 3 toward cotrimoxazole, and 1 toward aminoglycosides (Supplementary material 4) . The single P. aeruginosa strain assessed could not be compared with other isolates from the Libyan patients in any useful way (Supplementary material 5) . The Syrian MRSA isolates showed broad sensitivity with only 2 out of 6 strains showing resistance to erythromycin and clindamycin and 3 out of 6 strains being resistant against fusidic acid (Supplementary material 6).
Focusing on the 5 K. pneumoniae strains that were isolated from the environment of the patients from Libya at the Bundeswehr hospital Hamburg at day 11 after admission, phenotypical assessment indicated 80% ESBL and PCRbased assessment 100% ESBL. Detected β-lactamases comprised bla TEM and bla CTX-M group 1 in 5 instances (100%) each and bla SHV in 4 instances (80%) (Supplementary material 7) . In all instances, resistance to aminoglycosides and fluoroquinolones was observed (Supplementary material 3) . In contrast, resistance patterns without any hint for multidrug resistance were identified in the P. aeruginosa strains isolated from the patient environment (Supplementary material 5) .
NGS Coverage. In total, 66 Gram-negative isolates were assessed by NGS, using Nextera XT libraries sequenced on the MiSeq desktop sequencing platform. Coverages varied widely, ranging from 13-fold to 206-fold. Due to variations in the amounts of data and the use of Nextera XT libraries, the assemblies using Newbler v.2.8 resulted in quite high numbers of contigs, ranging between 86 and 17,427 contigs larger than 100 bp. This problem was especially pronounced for assemblies with less than 30-fold input data. Thus, the genome assemblies for the samples 71 (HBG-S5) and 74 (HBG-S7) were not suitable for MLST analysis, while the assemblies for the samples 1 (HBG-L1), 4 (HBG-L1), 6 (HBG-L1), 14 (West-L3), 26 (HBG-L1), 57 (HBG-S1), 70 (HBG-S5), 72 (HBG-S6), and 75 (HBG-S1) yielded incomplete MLST patterns. Therefore, any presentation MLST types was skipped and another typing approach was chosen as follows. In order to classify all strains for which NGS data were obtained, an approach based on ANI using the method described by Goris et al. [35] was applied. Using a cutoff value of 99.9% allowed identification of potential clonal isolates even for extremely fragmented and incomplete datasets.
Nosocomial Transmission and Clonal Identity of Isolates. Based on a 3-day cutoff after admission to hospital, detection of nosocomial strains from Libyan patients had to be postulated for 5 Enterobacteriaceae (2 E. coli, 2 K. pneumonia, 1 E. cloacae) and in the case of 1 P. aeruginosa isolate, all from the Bundeswehr hospital Hamburg (Supplementary material 1) .
Among the Syrian patients, 11 nosocomial Enterobacteriaceae strains (3 E. coli, 2 K. pneumoniae, 1 E. cloacae from the Bundeswehr hospital Hamburg; 1 E. cloacae, 1 E. coli, 1 K. pneumoniae, 1 M. morganii, 1 R. planticola from the Bundeswehr hospital Westerstede), 4 nosocomial nonfermentative rod-shaped bacteria (1 A. baumannii complex from the Bundeswehr hospital Hamburg; 2 A. baumannii complex and 1 S. maltophilia from the Bundeswehr hospital Westerstede), and 3 nosocomial MRSA (all from the Bundeswehr hospital Westerstede) were identified (Supplementary material 1) .
The spa typing for MRSA suggested clonal identity of two nonnosocomial MRSA strains from Syrian patient 5 from the Bundeswehr hospital Hamburg (HBG-S5) and Syrian patient 6 from the Bundeswehr hospital Westerstede (WEST-S6) (both t223), and also of two nosocomial MRSA strains from Syrian patients 2 and 5 from the Bundeswehr hospital Westerstede (WEST-S2, WEST-S5) (both t376). For HBG-S5 and WEST-S6, hospital transmission is excluded. In the case of WEST-S2 and WEST-S5, the same spa type was identified on day 18 after admission from the wound of the patient WEST-S2 and on day 64 after admission from the wound of the patients WEST-S5 (Supplementary material 6). Nosocomial transmission from WEST-S2 to WEST-S5 is likely here. Although the patients were in the same room at the beginning of their hospital stay until day 9 after admission, they were in different rooms during the period of the likely transmission event (Table 1 ). In addition, 2 strains with the spa types t026 and t274 were isolated from Syrian patients (Supplementary material 6).
The Gram-negative isolates were assessed by rep-PCR and NGS (Supplementary materials 1 and 2) and associated with the patients and patient rooms (Table 1) to identify potential nosocomial transmission events. The clonal complexes identified were as follows.
Typing suggested complex interlinks between 6 E. cloacae isolates from 5 patients. In detail, these 6 strains comprised a nonnosocomial isolate from the skin and a nosocomial isolate from a wound of Syrian patient 6 at the Bundeswehr hospital Westerstede (WEST-S6), a nosocomial isolate from the perineal skin of Syrian patient 4 at the Bundeswehr hospital Hamburg (HBG-L4), a nosocomial isolate from the rectum of Libyan patient 1 at the Bundeswehr hospital Hamburg (HBG-L1), a nonnosocomial isolate from the inguinal skin of Libyan patient 2 at the Bundeswehr hospital Hamburg (HBG-L2), and a nonnosocomial isolate from an external fixator of the left thigh of Libyan patient 3 at the Bundeswehr hospital Westerstede (WEST-L3). Only the association between the isolates of HBG-L1 and WEST-L3 was confirmed by both typing approaches. A questionable confirmation of the rep-PCRbased association by NGS was also available for the nonnosocomial isolate from the skin of WEST-S6 and the isolate of HBG-S4. In both instances, hospital transmission was excluded because of the spatial distance. Additional possible associations that were based on rep-PCR results comprised only associations of the nonnosocomial isolate of WEST-S6 with all other isolates, of the nosocomial isolate of WEST-S6 with all other isolates with the exception of the isolate of HBG-S4, and the additional association of the isolate of HBG-L2 with the isolate of HBG-S4. Given the spatial and temporal distribution of the isolation events, the only plausible transmission in hospital was by auto-inoculation from the skin into the wound in case of the patient WEST-S6 (Figure 1) .
Regarding A. baumannii complex strains, there was a cluster of 4 strains from Syrian patients for which clonal identity was confirmed by rep-PCR and NGS. These strains comprised a nonnosocomial isolate from the perineal skin of Syrian patient 4 at the Bundeswehr hospital Hamburg (HBG-S4), a nosocomial isolate from the pharynx of Syrian patient 7 at the Bundeswehr hospital Hamburg (HBG-S7), a nosocomial isolate from the anus of Syrian patient 1 at the Bundeswehr hospital Westerstede (WEST-S1), and a nonnosocomial isolate from a wound of Syrian patient 6 at the Bundeswehr hospital Westerstede (WEST-S6). Two further strains were potentially part of this cluster. Clonal identity with a nonnosocomial isolate of a deep wound at the right heel of the Syrian patient 1 at the Bundeswehr hospital Hamburg (HBG-S1) was suggested by NGS but not by rep-PCR. In contrast, clonal identity with a nonnosocomial isolate from a deep wound at the upper pin of the fixator at the thigh of Syrian patient 2 at the Bundeswehr hospital Hamburg (HBG-S2) was suggested by rep-PCR but was clearly excluded by NGS as similar but not identical. Neither rep-PCR nor NGS suggested identity between these two latter strains. The origin of the nosocomial isolate that was isolated from the pharynx of HBG-S7 9 days after admission remains unresolved. From the Syrian patients at the Bundeswehr hospital Hamburg, only patient HBG-S1 was in the same patient room on the first day after admission. In contrast, the patients WEST-S1 and WEST-S6 were in the same room at the Bundeswehr hospital Westerstede, so nosocomial transmission from patient WEST-S6 to patient WEST-S1 is likely to explain the detection of the nosocomial isolate at the anus of patient WEST-S1 at day 21 after admission ( Figure 2) .
Focusing on E. coli, the typing approaches suggested three confirmed or potential clonal clusters. Both rep-PCR and NGS confirmed clonal identity of 4 nonnosocomial strains isolated from the perineal skin of Syrian patients 2, 3, and 6 at the Bundeswehr hospital Hamburg (HBG-S2, HBG-S3, HBG-S6), and from a wound of Syrian patient 4 at the Bundeswehr hospital Westerstede (WEST-S4). Potential clonal identity with this cluster was further suggested by rep-PCR but again was clearly excluded by NGS as similar but not identical to a nonnosocomial isolate from a deep wound at the right gluteal region of Syrian patient 4 at the Bundeswehr hospital Hamburg (HBG-S4). The second potential cluster was suggested by rep-PCR but not by NGS and comprised a nonnosocomial isolate from a wound from Syrian patient 6 at the Bundeswehr hospital Westerstede (WEST-S6) and a nonnosocomial isolate from the perineal skin of the Syrian patient 5 at the Bundeswehr hospital Hamburg (HBG-S5). A high degree of similarity but questionable clonal identity was suggested by NGS but not by rep-PCR for a nosocomial strain isolated 22 days after admission from the colostomy of Libyan patient 1 at the Bundeswehr hospital Hamburg (HBG-L1) and for a nosocomial strain isolated 51 days after admission from a wound of Syrian patient 2 at the Bundeswehr hospital Westerstede (WEST-S2). The temporal and spatial distribution of the isolation events suggests that the sequence similarity occurred by chance (Figure 3) . Focusing on K. pneumoniae, there were three distinct confirmed or potential clonal clusters. The first cluster was confirmed by rep-PCR and NGS and comprised three isolates, i.e., a nonnosocomial isolate from the inguinal skin of Libyan patient 3 at the Bundeswehr hospital Hamburg (HBG-L3) and two isolates from the environmental screening at day 11 after admission of the Libyan patients at the Bundeswehr hospital Hamburg from hand and beard of a patient in room 1 of the ward HGB-2 and from a walker in room 3 of the ward HBG-2. The patient HBG-L3 had been in room 1 during the first two days after admission, potentially leading to the introduction of the strain in this room during this period. At the time of the environmental screening, patient HBG-L3 had been in room 3 where the other environment strain was found. In the second cluster, clonal identity of a nosocomial strain isolated at day 16 from the inguinal skin of Libyan patient 4 at the Bundeswehr hospital Hamburg (HBG-L4) and a strain isolated during the environmental screening at day 11 after admission from the hands of this patient in room 4 of the ward HBG-2 suggests auto-inoculation. Potential clonal identity of these strains with a 
Rep-PCR but not NGS also suggested clonal identity of a nonnosocomial isolate from the inguinal skin of Libyan patient 2 at the Bundeswehr hospital Hamburg (HBG-L2) with the nosocomial isolates from the inguinal skin and the hands of the patient HBG-L4 but not with the isolate from the handle of the bag. The patients HBG-L2 and HBG-L4 had never occupied the same room together. However, nosocomial transmission via the hands of the medical staff is not excluded here. The third cluster was suggested by rep-PCR and confirmed by NGS and comprised a nonnosocomial isolate from the perineal skin of Syrian patient 2 at the Bundeswehr hospital Hamburg (HBG-S2) and a nosocomial strain isolated 32 days after admission from a superficial wound at the groin of Syrian patient 4 at the Bundeswehr hospital Hamburg (HBG-S4). Of note, this latter strain was collected during an out-patient control assessment even after discharge of patient HBG-S4. Nevertheless, the fact that the patients HBG-S2 and HBG-S4 stayed in the same room until the discharge of patient HBG-S4 makes nosocomial transmission likely (Figure 4) .
Regarding the less frequently isolated species, rep-PCR suggested clonal identity of two nonnosocomial C. freundii strains isolated from wounds of Syrian patients 5 and 7 at the Bundeswehr hospital Westerstede (WEST-S5, WEST-S7), which was clearly confirmed by NGS ( Figure 5) . Furthermore, the nosocomial R. planticola isolate from the anus of the Syrian patient 1 (WEST-S1) was clonally identical with the nonnosocomial isolate from a wound of the Syrian patient 6 (WEST-S6) in rep-PCR and highly similar in NGS-based typing (Supplementary material 1) . Nosocomial transmission is likely, because both patients had been in the same room ( Figure 6) .
Furthermore, NGS but not rep-PCR suggested clonal identity between two P. aeruginosa isolates without unusual resistance patterns that were isolated during the environmental screening at the Bundeswehr hospital Hamburg 11 days after admission of the Libyan patients from a walking frame and the hands of a patient in room 3 of the ward HBG-2. No clonal identity with any other patient isolates was confirmed for these environmental strains. In addition, NGS but not rep-PCR indicated clonal identity between two P. aeruginosa isolates from an orthopedic wound at the left hand of a Libyan patient at the Bundeswehr hospital Hamburg (HBG-L2) and a wound at the dorsal side of the left thigh of a Libyan patient at the Bundeswehr hospital Westerstede (WEST-L1), both without hints of nosocomial transmission (Figure 7) .
Of note, the environmental screening led to a detection of an ESBL-positive K. pneumoniae from the hands of a patient in room 3 of the ward HBG-2 that did not show any clonal identity with other isolates from the Libyan patients.
Rep-PCR-based typing patterns are shown in Supplementary materials 10-18.
NGS-based Detection of Resistance Genes. In spite of the low NGS coverage, the NGS-based approach led to the detection of resistance genes in 23 of the 66 NGS-sequenced Gramnegative strains in the ResFinder assessment (Supplementary material 9). In comparison, no interpretative standards were deposited in the VITEK 2 system for the definition of phenotypic resistance or susceptibility of one assessed S. maltophilia strain and one A. radioresistens strain.
Matching between detected genotypic and phenotypic resistance was observed in 3 instances. In 15 instances, genotypic resistance determinants were identified without a detected or assessed phenotypic correlate. In 12 instances, the genotypic correlate for a phenotypically identified resistance was not found using the approach.
Details are provided in Supplementary material 9.
Discussion
The study assessed the molecular epidemiology of multidrugresistant bacteria isolated from war-injured Libyan and Syrian patients who were treated at two Bundeswehr hospitals in Germany. With multidrug-resistant bacteria being rapidly on the rise in Europe [40] , patients with history of hospitalization abroad provide potential sources of influx of resistant bacteria, as also suggested by others [41] . As expected from previous results with war-injured patients from the Ukraine [1] , high rates of colonization and infection with such strains were observed, with 66 clinical and screening isolates being obtained from 22 patients and 8 suspicious isolates being obtained from an environmental screening during the Libyan patients' hospital stay at the Bundeswehr hospital Hamburg. With 29 out of 66 strains having potential etiological relevance, colonizing bacteria dominated quantitatively.
From 24 isolates that were formally considered as nosocomially transmitted from consideration of the time of isolation, rep-PCR and NGS-based typing suggested potential transmission in the hospitals in only 7 instances, comprising 3 K. pneumoniae, 2 A. baumannii complex, 1 MRSA, and 1 R. planticola. Of these likely nosocomial transmission events, only 2 isolates (i.e., one MRSA and one K. pneumoniae, from wounds of the respective patients) were considered as potentially etiologically relevant, while the other transmissions led to harmless colonization of the mouth of a patient with A. baumannii complex and the anus of two patients with A. baumannii complex and R. planticola, respectively, or identification of K. pneumoniae during the environmental screening from the hands and beard of two Libyan patients. In addition, the definitions when potential nosocomial transmission was considered are very conservative and thus even likely to overestimate the true transmission rate. As shown by others [20] , many formally nosocomial isolates are simply missed by initial patient screening, suggesting insufficiency of single screening sets for a reliable inventory of a patients' colonization status with resistant bacteria.
These results suggest that the hygiene procedures enforced were basically effective and that healthcare-associated infections due to multidrug-resistant pathogens, which impose a considerable burden on the European healthcare systems [42], were widely prevented. Decolonizing washing procedures which were applied during the care for the patients were shown to reduce nosocomial transmission [43, 44] and even to be effective in preventing colonization-derived bloodstream infections [45] . In contrast, purely screening-based prevention is usually too late and thus lacks efficacy [46, 47] .
Obtaining both clinical and screening isolates, as was done in this assessment, was nevertheless useful for performing typing analyses in order to identify transmission chains. Real-time NGS-based typing was recently demonstrated to be cost-efficient by providing a precise infection control instrument for hospital hygiene approaches [48] . High reproducibility of NGS-based typing in ring trials recently confirmed the suitability of the approaches for the diagnostic routine laboratory [49] .
In this study, the retrospective typing approaches that were applied provided interesting insights into the epidemiology of the isolates. Although the suggested transmission events in the Bundeswehr hospital were few, several clonal clusters comprised nonnosocomial isolates that were isolated both at the Bundeswehr hospital Westerstede and at the Bundeswehr hospital Hamburg. A similar phenomenon had already been described for carbapenem-resistant A. baumannii complex isolates that were derived from Ukrainian war-injured patients who were treated in 4 Bundeswehr hospitals [1] . Two explanations are plausible: The underlying nosocomial transmission events may have occurred within the medical infrastructure in the home countries of the patients or during the medical evacuation flights. The latter option should be systematically assessed in future studies.
Molecular resistance testing was performed to assess the resistance mechanisms of the isolates. The PCR-based analyses for ESBL enzymes showed a similar distribution pattern as recently observed for European soldiers on deployment in West African Mali [38] and for German soldiers on various subtropical and tropical deployments [39] with a dominance of bla TEM and bla CTX-M group I. Among the carbapenemases assessed, bla Oxa-48 was repeatedly detected, as also described for other European countries [40] . Of note, bla Oxa-48 -positive K. pneumoniae strains have been described by several study groups for Libyan patients [15, 17, 19, 21] , suggesting a frequent regional occurrence.
In spite of a low coverage, NGS-based screening for molecular resistance mechanisms was attempted [36, 37] . Note that at least a 30-fold coverage is recommended by EUCAST (European Committee on Antimicrobial Susceptibility Testing) if whole-genome sequencing is used for molecular resistance testing at strain level [50] . This coverage was missed by a wide margin in this assessment. However, the approach at least allowed a first insight into underlying molecular mechanisms of phenotypically observed resistance, although the ResFinderbased assessment of several strains failed due to poor data quality and no genotypic correlate was identified for a considerable proportion of phenotypically identified resistance. In fact some resistance genes were identified for which no phenotypical correlate had been observed. Although the approach confirms that adherence to the EUCAST recommendations is advisable [50] , NGS-based resistance detection despite low coverage has been attempted -partially successfully -in various resistome approaches using samples from blood [51, 52] , urine [53] , stool [54] , and even from sewers [55], toilets [56] , and environmental samples [57] . However, as shown for the stool samples [54] , high proportions of resistant bacteria are necessary for a reliable identification of resistance genes using such procedures.
In summary, the data confirm a considerable influx of multidrug-resistant bacteria from international war and crisis zones 58] with the potential of nosocomial transmission and further spreading. Intermediate-term suppression of resistant strains due to fitness costs because of the expression of resistance determinants cannot be reliably expected, because several strains with low or even no reduced fitness have been described [59] . Although the development of new antimicrobial drugs continues [60] [61] [62] , such procedures require considerable time investment. Accordingly, thorough prevention of the spread of multidrug-resistant strains in the hospital environment remains a major hygiene issue.
Future studies should address whether hygiene conditions on medical evacuation flights require optimization in order to prevent nosocomial transmission during airborne evacuation procedures. The available data cannot answer this question because no screening analyses were performed prior to the evacuation flights, which is an undeniable limitation of this study.
Conclusions
Considerable influx of multidrug-resistant bacteria with patients from international war and crisis zones has to be expected. However, uncontrolled nosocomial transmission in the hospital setting can be widely prevented if strict hygiene precautions are enforced. Likely settings of nosocomial transmissions prior to hospital admission, e.g., during evacuation flights or in medical camps in war and crisis zones, should be further addressed in future studies.
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